The crystal structure of the equiatomic TiZr alloy is studied in the pressure range up to 57 GPa using the diamond anvils and synchrotron radiation. It is found that this alloy follows the ␣→→␤ transition series earlier observed on Zr and Hf. Superconductivity measurements on the same alloy to 47 GPa show that the transition to the bcc ␤ phase is connected with an increase in the superconducting transition temperature to 15 K. The pressure dependence of the atomic volume is fitted to an equation of state. Low values of the pressure derivative of the bulk modulus as well as the increase in the superconducting transition temperature are discussed in terms of a pressure-induced s -d electron transfer.
I. INTRODUCTION
The interest in the high-pressure behavior of the group IV metals was revived about 12 years ago by the discovery of the hexagonal to the bcc ␤ phase transitions in Zr and Hf. [1] [2] [3] [4] [5] These observations presented a remarkable experimental support to the theoretical ideas based on the electronic band-structure calculations for the transition metals and the calculated dependence of the electronic properties on pressure or the atomic volume. [6] [7] [8] [9] The most important result of these calculations is the observation that the relatively narrow d-band moves with respect to the bottom of the broad sp-band when the atomic volume is varied. 6, 7 This shift of the d-band results in a change of the d-band occupancy under pressure and provides the main contribution to the pressure dependence of the electronic properties of the metals ͑see review Ref. 6͒ . The total band-energy calculations indicate also that the structural stability is strongly correlated with the d-band occupancy ͑Refs. 7-9, and references therein͒. The calculations gradually reproduced the correct structural sequence in the Periodic Table for all nonmagnetic metals at atmospheric pressure, [7] [8] [9] and the structural sequences were presented for many group I-III metals under pressure. 7, 8 The high-pressure stability of the ␤ phase in Zr and Hf has been modeled theoretically 10 parallel to the experimental observations, and the whole ␣→→␤ transition series starting with the hcp ␣ phase was reproduced in further theoretical studies. [11] [12] [13] For Zr at 300 K, the ␣ -equilibrium pressure is 2.2 GPa, 14 and the -␤ transition occurs at 33Ϯ2 GPa. 1-3 The equilibrium pressures for the ␣ --␤ structural sequence observed in Hf are about 38 and 71 GPa, respectively. 5 Measurements of the superconducting transition temperature, T c , in Zr under pressure show its increase by about 5 K at the -␤ transition. 4, 15, 16 Original speculations on the nature of the transition 1 relate the d-band occupancy critical for the structural change with the pressure-induced s→d electron transfer and with the lower partial volume of the d-electrons. It was also emphasized 3 that the atomic volumes and the T c values are nearly the same for ␤-Zr above the structural transition and for Nb at normal pressure therefore it was assumed that the d-band occupancy is the same in ␤-Zr and in Nb under appropriate conditions. In other words, ␤-Zr becomes a group V element from the point of view of its structure and properties dependent on the d-band occupancy. Titanium shows a different behavior at very high pressures. Although the ␣ -equilibrium pressure is also low, 2.0 GPa at 300 K, 14 -Ti does not undergo a transition to the ␤ phase up to 216 GPa. 17, 18 Instead, two orthorhombic Ti phases were found with the -␥ transition pressure of 116 GPa in Ref. 19 or 128 GPa in Refs. 17,18 and the ␥ -␦ transition pressure of 140 GPa. 17, 18 The situation for Ti is complicated for the total energy calculations as well. The calculations predict the same ␣ --␤ structural sequence in Ti with the -␤ transition around 100 GPa therefore the orthorhombic ␥ and ␦ phases are discussed as intermediate and metastable at room temperature. 13, 20, 21 The analogy between Zr and the group V metals is fraught with interesting consequences for the Zr-based alloys because alloying is a well-known means for varying the electron concentration. 6, 22, 23 Ti-Zr alloys are of a particular interest in this case. The T -P phase diagrams of Ti and Zr are very similar up to 10 GPa. 24 Both metals undergo the ␣ -␤ transition at atmospheric pressure upon heating above 1155 and 1136 K, respectively, and the ␣ -transition on compression. The ␣ --␤ triple points are located at 913 K and 8.0 GPa for Ti ͑Ref. 25͒ and at 973 K and 5.5 GPa for Zr. 26 The -␤ transition lines have small positive slopes near the triple points. 24 Ti and Zr are completely soluble in their ␣ and ␤ phases at atmospheric pressure 27 as well as in their phase. 28, 29 The ␣ -␤ transition temperature has a minimum at 852 K at ambient pressure for the equiatomic TiZr alloy, and the parameters of the ␣ --␤ triple point, 733 K and 4.9 GPa, are also lower in this case than in the pure metals. 28 The ␣→ transition occurs in Ti-Zr alloys around 10 GPa at 300 K. 29, 30 The superconducting transition temperatures of the ␣-Ti x Zr 1Ϫx alloys at atmospheric pressure, T c (x), are low and reach a maximum of just 1.7 K at xϭ0.5.
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The analogy between Nb and ␤-Zr has been extended more recently to considerations on the behavior of the ␤-phase Ti-Zr alloys under high pressure, which should have much in common with the Ti-group V metal alloys, particularly, Ti-Nb at normal pressure. 30 The T c measure-ments on the Ti x Zr 1Ϫx alloys with xр0.5 showed discontinuities in the T c ( P) curves around 10 GPa and above 30 GPa, which was attributed to the structural transitions. The isobaric T c (x) values taken at 46 GPa increased to 15 K as the Ti content increased to xϭ0.5, 30 which is rather similar to the behavior of the Ti-Nb alloys. 31 In order to complete the analogy, the present work deals with structural properties of the equiatomic TiZr alloy under pressures up to 57 GPa. X-ray diffraction is used thereby to confirm the ␣→→␤ structural sequence, which perfectly explains then the highpressure superconducting behavior of this alloy.
II. EXPERIMENT
The TiZr alloy was prepared from the metallic elements with total impurity contents less than 0.02 and 0.04 at.%, respectively. A Zr rod was mounted coaxially into a Ti pipe of a corresponding mass, and this assembly was subjected to multiple electron-arc melting in vacuum. The chemical composition of the final alloy was measured with an electronmicroprobe, JXA-5, which showed a uniformity of Ϯ0.4 at.% with 49.6 at.% Ti and 50.4 at.% Zr. The lattice parameters of this ͑hcp͒ alloy were aϭ310.4 pm and c ϭ492.3 pm, 28 respectively. Energy dispersive x-ray diffraction ͑EDXD͒ experiments were performed on the F3 beamline at the HASYLAB ͑DESY, Hamburg͒. 32 Diamond-anvil cells 33, 34 with flats of 0.5 mm or 0.3 mm diameter were used to generate high pressures. The samples were placed into holes in the Inconel gaskets of 0.25 or 0.15 mm, respectively, together with a few ruby chips and with white mineral oil as pressure transmitting medium. Pressure was measured with the ruby luminescence technique 35 on the basis of the nonlinear ruby scale. 36 The diffraction spectra were collected with a Ge detector at a Bragg angle of Ϸ5.11°in typically 15 min. Two series of experiments were performed on the TiZr alloy at room temperature. The first series was a compression/decompression cycle to 38.3 GPa using the anvils with 0.5 mm flats, and the second series was a compression run to 56.9 GPa. The superconductivity measurements used a different diamond-anvil cell made of a non-magnetic alloy with diamond flats of 0.5 mm diameter. 30 The pressure-transmitting medium was the 4:1 methanol-ethanol mixture. The superconducting transitions were recorded as jumps in the thermal dependence of the magnetic susceptibility, (T), measured on heating. ͑Cu-Fe͒-Cu thermocouples were used for the temperature measurements with an accuracy of Ϯ0.2 K.
III. RESULTS
The ␣ --␤ structural sequence includes three wellknown structures that give distinctly different EDXD spectra as illustrated in Figs. 1-3. Only the ␣ phase is observed on increasing pressure up to 10.3 GPa ͑Fig. 1͒. The ␣ phase still predominates in the EDXD spectra at 12.2 GPa, but the onset of the ␣ -transition is noticeable at this pressure by small distortions of the strong ␣-phase reflections. The phase dominates in the diffraction pattern taken at 15.5 GPa and persists then up to about 54 GPa. A typical EDXD spectrum of -TiZr ͑at 39.1 GPa͒ is shown in Fig. 2 . In the first pressure series ending at 38.3 GPa, the -phase was then maintained on decompression down to normal conditions. Above 45 GPa in the second experiment, the relative intensities in the diffraction patterns start to change, and the pattern observed at the highest pressure of 56.9 GPa corresponds to pure ␤ phase with the lattice parameter of 309.8 pm, as shown in Fig. 3 . The comparison of the bar diagrams of the ␤ and phases in Fig. 3 illustrates that all reflections of the ␤ phase overlap with lines from the phase. This overlap results from a close relation between the and ␤ structures. In fact, the phase is often considered as a distortion of the ␤ phase, the central atoms of each bcc cell being shifted by 1/6 along the body diagonal of this cell and the shifts in the neighboring cells being in opposite directions. Therefore the amount of the phase with respect to the ␤ phase is estimated from the relative intensity of a prominent (001) peak with respect to the summary intensity, I S , of the (101)ϩ(110)ϩ(001)␤ peak. The pressure dependence of this relative intensity, I(001)/I S , in Fig. 4 illustrates the evolution of the -␤ transition. Obviously, the -␤ transition begins above 40 GPa and is completed around the final point of the present experimental region. The 50% -␤ conversion is obtained on this forward transition at about 52 GPa. This rather broad transition range is different from the previously observed narrow range for pure Zr, 1-4 but it is similar to the situation in Hf where this transition spans a range of the order of 10 GPa. 5 The present structural data allow now for a detailed interpretation of the superconducting behavior reported recently 30 for Ti-Zr alloys under pressure. Figure 5 shows the pressure dependence of the superconducting transition temperature of the present TiZr alloy to 47 GPa. Several experimental isobars of the magnetic susceptibility, P (T), are represented in the inset. The steps in the (T) curves are due to the superconducting transitions in the alloy. The T c values were determined from each (T) curve as intersection points between the steepest tangent to the curve and the linear extension of the high-temperature section of the curve, as illustrated with arrows in Fig. 5 .
Three distinctly different sections are seen in the T c ( P) curve in Fig. 5 . In the pressure range 0-9.4 GPa, T c increases from 1.8 to 3.9 K. A small decrease in T c around 10 GPa is clearly related to the ␣ -transition in the alloy. This value for the transition pressure compares also very well with the previous data 29 where partial ␣ -transitions were observed in Ti x Zr 1Ϫx alloys with xϭ0.74, 0.66, and 0.56 which had been treated under quasihydrostatic pressures of about 9 GPa at room temperature. Above 11 GPa, the T c values increase with an average slope of dT c /dP Ϸ0.11 K/GPa up to 36 GPa where the steps in (T) become less distinct ͑see the inset͒. This distortion of the superconducting anomaly finally changes into the second step in the (T) curves. The occurrence of two (T) anomalies indicates that the →␤ transition proceeds through a two-phase state rather than through a gradual change of the centralatom displacements. In other words, the →␤ transition proceeds directly as a first-order phase transition without any possible intermediate low-symmetry phase. The nucleation of the new superconducting high-pressure phase results in a distortion of the (T) anomaly, and the occurrence of the distinct second step in (T) at 47 GPa indicates that the amount of the ␤ phase in the sample becomes here comparable to the amount of the phase. This correlates well with the EDXD data that are indicative of the 10-20% degree of the →␤ transition at this pressure and room temperature. The T c value of ␤-TiZr is 15 K at 47 GPa. Among the bcc metals, a higher value has been observed only for vanadium whose T c gradually increased to 17.2 K upon compression to 120 GPa. 37 Comparing the experimental data on the structural and superconducting behavior, one can conclude that the TiZr alloy undergoes the ␣ -transition on increasing pressure at Pϭ11.0Ϯ1.5 GPa, and the -␤ transition is extended on increasing pressure over a wide interval from about 43 to 57 GPa.
Further evaluation of the experimental EDXD spectra was based on a Rietveld-type simulation. A multiphase diffraction pattern including the appropriate TiZr phases and Inconel was generated for each EDXD spectrum and fitted to the spectrum with respect to the positions of the diffraction peaks. A detailed refinement including the peak intensities was not attempted for various experimental reasons, but primarily because the small number of grains in the samples could not produce an ideal powder pattern in EDXD. The quality of the fit is illustrated in Figs. 1-3 , where the experimental data are represented with points, the solid lines are the simulated diffraction patterns, and the calculated peak positions are shown with bars. Figure 6 presents the pressure dependence of the corresponding lattice parameters a and c for the ␣ and phases. The ratios of the lattice parameters of the phase, c/aϭ0.618Ϯ0.002, and of the ␣ phase, c/aϭ1.581Ϯ0.005, are the same within the experimental accuracy for all points in Fig. 6 and agree very well with the data for atmospheric pressure, c/aϭ0.617 and 1.586, respectively. 28 This constancy of c/a is similar to the situation in ␣-and -Zr.
1 The amount of the ␤ phase in the region of the -␤ transition estimated using this data treatment is compared with the decreasing intensity of the (001) reflection in Fig. 4 . Figure 7 shows the effect of pressure on the average atomic volume, V( P). Solid lines in Fig. 7 represent fits of the V( P) data for the ␣ and phases by the use of an equation of state ͑EOS͒ in the form of an adapted polynomial expansion previously labeled AP2,
Here
, V 0 is the average atomic volume, and K 0 is the isothermal bulk modulus, both at ambient pressure. Model constant c 0 ϭϪln(3•K 0 /P FG 0 ) compares K 0 with the pressure of a Fermi gas, P FG 0 ϭa FG (Z/V 0 ) 5/3 , for the average electron density, Z/V 0 , where Z stands for the average number of electrons per atom and a FG ϭ23.37 •10 12 GPa•pm 5 is a universal constant. For regular solids c 2 is a small correction related to K 0 Јϭ3ϩ(2/3)(c 0 ϩc 2 ). This EOS is favored here because it includes the correct asymptotic behavior under very strong compression. A detailed discussion of the advantages of the AP2 form has been given elsewhere. 38 The average atomic volumes of the ␣-and -TiZr phases at atmospheric pressure have been determined previously: The volume decrease at the ␣ -transition in the TiZr alloy at 11 GPa is found to be ⌬Vϭ0.44•10 6 pm 3 /atom or ⌬V/V 0␣ ϭ2.1%. The volume decrease at the -␤ transition in the TiZr alloy derived from four EDXD spectra between 47.3-56.9 GPa is roughly 0.065•10 6 pm 3 /atom, or 0.3%. While the volume decrease at the ␣ -transition is comparable to the values for Ti and Zr, the present value for the volume decrease at the -␤ transition is very small compared to the values reported for pure Zr and pure Hf, as shown in Table II .
IV. DISCUSSION
The strongly reduced value of ⌬V/V for the -␤ transition in TiZr with respect to pure Zr is a remarkable feature. This implies that further increase in the Ti content can result in the opposite sign of the volume effect. In other words, one expects that the -␤ transition pressure rapidly increases with increasing Ti content, and this trend gives also a thermodynamic reason for the observation of a different transition, -␥, with ⌬V/VϭϪ1.6% [17] [18] [19] in pure titanium. Another remarkable feature is presented as very low values for the pressure derivative of the bulk modulus, K 0 Ј , for all phases of the group IV metals in Table I ͑with the exception of the value for ␣-Ti which seems doubtful͒. This observation was made earlier 39 and related there to the pressure-induced s→d electron transfer at the beginning of the transition metal series compared to the middle of the transition metal series where K 0 ЈϷ5. The data in Table I indicate therefore that the s→d electron transfer in the group IV metals is not only responsible for the structural transitions, but also for the anomalies in the EOS shown by the low K 0 Ј values. The change in the d-band occupancy at the structural transitions should therefore be small, much less than one electron per atom, explaining also the relatively small values for the volume decrease at these phase transitions. There are some theoretical estimates ͑e.g., Ref. 8͒ that the bcc structure becomes stable in the early transition metals when the total number of the valence electrons per atom, z, becomes larger than 4.2, or the number of the d-electrons becomes N d Ͼ2.2. These theoretical numbers correlate with the experimental observation that the bcc solid solutions are stable in many group IV-V metal alloys at normal pressure when the concentration of the group V metal becomes larger than about 25%. 27, 31 One may conclude therefore that the d-band occupancy directly after the transition to the ␤ phase is also still considerably less than 3.
Superconducting transition temperatures as well as many other electronic properties and their systematics in the Periodic Table are commonly discussed in the framework of the empirical rigid band models related to the Matthias rule. 22, 23, 31 The basic idea is that the metallic properties depend on the electronic density of the states at the Fermi level, N F , and its dependence on the total concentration of the valence electrons, z, with the assumption that the N F (z) curve is the same for all metals with the same 22, 31 or even different 23 crystal structures in each metal series of the Periodic Table. The experimental and theoretical high-pressure data presently available show deviations from this simple rule. Theoretical determinations of the electronic density-ofstates ͑DOS͒ spectra for three Zr phases at different pressures 11 indicate that the relative positions of the s-and d-bands and the shapes of the DOS curves are pressuredependent. The total number of the valence electrons cannot change at the phase transitions in the group IV metals and alloys, but T c can increase by an order of magnitude in the experimental pressure range. There is a strong concentration dependence of T c in the ␤-Ti x Zr 1Ϫx alloys at a constant pressure 30 as in many group IV-V metal alloys, but z has the same value for any concentration in the Ti-Zr alloys. Furthermore, the T c pressure dependence, dT c /dP, above the -␤ transition is also concentration dependent. 30 These observations are not consistent with the Matthias rule but can be readily understood if one admits that the electronic and structural properties of the transition metals are primarily dependent on the number of d-electrons, N d , and not so closely related to the total number of valence electrons, z.
V. CONCLUSIONS
The present structural study on the equiatomic TiZr alloy under high pressure confirms the expected ␣→→␤ structural sequence with average forward transition pressures of about 11 and 52 GPa, respectively. The volume decrease at the -␤ transition in TiZr is small compared to this value for Zr, which relates well to the observation that this transi- 
